Abstract-The aging of triazine amine in soil was studied during a time course of 119 d by measuring bioavailability in terms of mineralization after inoculation of the triazine amine-degrading bacterium Rhodococcus erythropolis TA57. The bioavailability was measured in four soil samples: A-, B-, and C-horizons from an agricultural soil profile and in a peat soil. The sorption of triazine amine in the soil samples was quantified during the period of aging in terms of sorption distribution coefficients (K d ) and desorption distribution coefficients (K d,des ). Measures of bioavailability and triazine amine concentration in the nonavailable fraction showed effects of aging in the soils that were rich in organic matter. The triazine amine bioavailability declined significantly during the aging period in soils containing greater than 2% organic carbon, whereas the B-and C-horizons showed no signs of aging, in agreement with their low content of organic material. Corresponding to this, desorption decreased significantly in the A-horizon but, surprisingly, not in the peat soil. Analyses by thin-layer chromatography indicated an association of aqueous triazine amine and dissolved organic matter in the peat soil. This gives an explanation for both the significant decrease in bioavailability and the noncorresponding stability of the nonavailable (i.e., nondesorbed) fraction.
INTRODUCTION
Sulfonylurea compounds are considered to be environmental friendly herbicides because of their low application rate and low toxicity to humans and animals [1] . Their application is widespread and increasing because of a growing awareness regarding the contamination of groundwater by herbicides and their degradation products in general. When sulfonylurea herbicides reach soil at neutral to low pH, the primary pathway of degradation is by hydrolysis of the sulfonylurea bridge, leading to the formation of two metabolites, sulfonamide and triazine amine [2] [3] [4] [5] .
Triazine amine is the more resistant of the two metabolites to microbial degradation in soil [4, 5] . Although many soil microorganisms lack the ability to cleave the triazine ring, we previously isolated a Gram-positive bacterium, Rhodococcus erythropolis TA57, that is capable of mineralizing triazine amine as the only source of nitrogen [6] . To our knowledge, this is the only known, isolated bacterium capable of mineralizing triazine amine. Mineralization of triazine amine by R. erythropolis TA57 was used in the present study to test for bioavailability of triazine amine.
Previously, Radosevich et al. [7] and Scribner et al. [8] observed that triazines tend to become more recalcitrant during longer residence times in soil. The phenomenon resulting in compounds becoming increasingly unavailable to microbial degradation and increasingly resistant to desorption often is termed aging [9] [10] [11] [12] . Several authors have studied extensively the physical and chemical processes involved in aging. Generally, it is agreed that the primary mechanisms can be described by diffusion into the soil matrix, resulting in entrapment within natural organic matter and intraparticle nanopores * To whom correspondence may be addressed (csj@geus.dk). [9, 11, [13] [14] [15] . It also is widely accepted that sorption controls aging [10] , because sorption can lead to the irreversible binding of compounds. The ultimate result of aging is disappearance of the compounds from the available fraction into less or nonavailable fractions of the soil system. Various soil characteristics, particularly the content of organic material, have been observed to play a significant role in the aging of triazines in soils [7, 8, [16] [17] [18] .
Pesticide sorption processes in soil often are expressed and quantified as a partitioning between the aqueous and the solid phases. It also is thought that only compounds in the aqueous phase are available for biodegradation [19, 20] and for leaching. In this research, we hypothesize that triazine amine or its degradation products will be present in four phases: The mineralized fraction, the readily available fraction (aqueous triazine amine), the desorbable fraction (easily extractable triazine amine using 0.01 M CaCl 2 ), and the nonavailable fraction (irreversibly bound, including aged triazine amine).
The present study investigates the aging of triazine amine in soils that differ in their organic matter contents. Bioavailability of triazine amine toward an inoculated bacterium was used in combination with sorption tests of triazine amine in soils to describe aging of the compound. Furthermore, thinlayer chromatography (TLC) of the methanol-extracted fraction from the soils were used to assess the chemical stability of the compound. Thus, both the availability of triazine amine to a specific microorganism and the distribution of the parent compound were quantified.
MATERIALS AND METHODS

Soil samples
Four soils with different properties were used in the present study. Three sandy soils were sampled according to horizons Aging of triazine amine in soils Environ. Toxicol. Chem. 24, 2005 511 (A-, B-, and C-horizons) originating from a soil profile, close to Simmelkaer in Jutland, Denmark, which is located on the Weichselian outwash plain. The fourth soil, classified as a peaty soil, was collected from a wet meadow located near Fussingø in Jutland. The soils were stored at 5ЊC from the day of sampling until use (two months).
Characterization of soils
Soil samples were passed through a sieve (mesh size, 4 mm) before use. The pH was measured on a soil suspension in water or 0.01 M CaCl 2 at 1:2.5 (w/w). The content of organic material was determined by combusting soil samples for at least 30 min at 900ЊC. Soil carbon content was estimated using the following equation [21] .
%C ϭ %Soil organic material · 0.58
Kjeldahl analysis was used to determine the content of nitrogen [22] , and particle size distribution was determined by the hydrometer method [23] . Water content was determined as weight loss after drying 100 g of soil at 105ЊC for 24 h. Water-holding capacity (WHC) was found by adding 100 ml of water to 50 g of the dried soil in a glass bottle. After 24 h, the soil was drained, and the amount of retained water was calculated.
Soil samples were used in the experiment as they naturally occurred, without sterilization or drying.
Triazine amine
The triazine amine compound (2-amino-4-methoxy-6-methyl-1,3,5-triazine[2-14 C-amine]) was kindly provided by E.I. DuPont (Copenhagen, Denmark) and had a radiochemical purity of greater than 98% and a specific activity of 18,300 Ci mg Ϫ1 . Stock solutions (1 g L Ϫ1 ) were kept in methanol.
Sorption and desorption experiments
Sorption and desorption isotherm experiments were performed according to the Organisation for Economic Cooperation and Development guidelines for the testing of chemicals [24] . One gram of soil (dry wt) and 4 ml of 0.01 M CaCl 2 were equilibrated at 10ЊC for 24 h in 13-ml centrifuge glass tubes with Teflon-lined screw caps on a end-over-end shaker (20 rpm). Afterward, 1 ml of triazine amine solution in 0.01 M CaCl 2 was added to obtain the six initial dissolved concentrations in the soil systems (0.01, 0.1, 0.5, 1, 2, and 3 mg L Ϫ1 ) and, at each initial concentration, a radioactivity of 1.000 dpm ml
Ϫ1
. The triazine amine distribution coefficients for sorption (K d ) and desorption (K d,des ) are given as the triazine amine concentration (L kg Ϫ1 ) in the soil solid phase divided by the triazine amine solution concentration after 48 h of equilibration.
Before the sorption experiments, the equilibrium time needed for triazine amine between the aqueous and the solid phases was determined for the C-horizon at a triazine amine concentration of 1 mg L Ϫ1 as described above. The equilibration experiment showed that approximately 24 h of rotation was sufficient to reach equilibrium and that the concentrations were stable after both 45 and 48 h (data not shown). To give margin to other soil systems that may show slower kinetics, an equilibration time of 48 h was chosen for all sorption experiments.
After 48 h of rotation, the samples were centrifuged at 1,500 g for 30 min. One milliliter of the supernatant was transferred to a vial containing 10 ml of scintillation fluid (Optiphase ''Hisafe 3''; Perkin-Elmer, Hvidovre, Denmark), and radioactivity was determined by a liquid scintillation counter (LSC; Wallac 1409, Turku, Finland). The soil pellet was suspended in 5 ml of 0.01 M CaCl 2 , and triazine amine was allowed to desorb for another 48 h. The concentration of triazine amine sorbed on the soil was calculated from the mass balance as the difference between triazine amine added and triazine amine in the supernatant after 48 h of equilibration. Sorption and desorption was described by the following linear equation:
where K d denotes the apparent sorption distribution coefficient, C s the concentration sorbed by the soil, and C aq the equilibrium concentration in the aqueous phase. For desorption, K d is replaced by K d,des .
Effect of pH on triazine amine sorption
Triazine amine sorption and desorption experiments at pH 4, 5.5, 6.5, and 8 were determined. Soils and CaCl 2 solutions (each 10 g dry wt of soil and 40 ml of 0.01 M CaCl 2 , respectively) were pH-adjusted by addition of small amounts of 1 M NaOH or HCl. Addition of triazine amine at 0.1 mg L
Ϫ1
and radioactivity of 1,000 dpm ml Ϫ1 , shaking of the sample, and harvest were performed as above. The pH was measured at the end of the experiment to detect a possible change in pH (Meter Lab PHM220, Livermore, CA, USA).
Aging experiments
Bioavailability as well as sorption and desorption were quantified six times (days 1, 6, 28, 63, 91, and 119) during the 119-d period of aging. At day 0, 60 and 6 g (dry wt) of each soil were placed in, respectively, 250-or 100-ml air-tight glass flasks (total, 140 flasks). The natural moist soils were amended with an aqueous solution of triazine amine and 0.01 M CaCl 2 to reach a water content of 80% of the WHC. The bioavailability experiment was carried out at one triazine amine concentration (0.206 mg kg Ϫ1 dry wt) and the sorption and desorption experiments at four concentrations (0.021, 0.103, 0.206, and 0.411 mg kg 1 dry wt). This experiment was performed under sterile conditions to prevent contamination with microorganisms different from the indigenous organisms. Control microcosms were prepared without triazine amine. All samples were incubated at 10ЊC in the dark. At the end of each period of aging, the soil with aged triazine amine was split into three replicates that were used for either bioavailability or sorption tests. Sterile vials containing 3 or 2 ml of 0.5 M NaOH were enclosed inside each flask to trap mineralized 14 CO 2 . The NaOH was transferred to 10 ml of scintillation fluid, left for 24 h in darkness to eliminate chemo-and photoluminescence, and counted by LSC as described previously.
Measurements of sorption and desorption of triazine amine during aging
Concentration of [
14 C]triazine amine in the aqueous phase was measured with LSC as described above after centrifugation (1,700 g, 15 min, 20ЊC) of the soil samples (triplicates of 2 g dry wt) in centrifuge tubes and filtered through 0.45-m polyvinyl flouride cutoff filters (LIDA Maxi-Spin, Kenosha, WI, USA). The solid phase was transferred to 13-ml centrifuge tubes, and 10 ml of 0.01 M CaCl 2 were added to allow the sorbed triazine amine to desorb. The tubes were mixed in a rotator, and the 14 C in the supernatant was determined after 48 h as previously described. The isotherms were shown to be linear (data not shown).
Sorption of triazine amine to the filter was investigated, and it was found that 3% was removed from the aqueous phase when supernatant passed through the filter in the centrifuge tube. Results were corrected for this removal. Mass balances were calculated as the sum of the mineralized 14 C fraction, the 14 C in the aqueous phase, the desorbed fraction, and the sorbed 14 C.
Measurement of bioavailability using R. erythropolis TA57 during aging
Rhodococcus erythropolis TA57 were recovered from frozen cultures on a 1/10 Tryptic Soy (Becton Dickinson, Sparks, MD, USA) Broth agar plate. We previously isolated the strain R. erythropolis TA57 because of its ability to mineralize triazine amine [6] . One colony was inoculated into the growth medium [25] containing triazine amine as the only nitrogen source and incubated on a horizontal shaker (150 rpm, 30ЊC). Several equivalent portions (1:1 glycerol:growth culture) were stored at Ϫ80ЊC. Three days before sampling during the aging period, 2 ml of glycerol-growth culture were thawed and inoculated into 25 ml of new growth medium (150 rpm, 30ЊC, exactly 72 h). Cells were immediately harvested by centrifugation at 7,600 g for 10 min at 20ЊC and washed twice with phosphate buffer (0.01 M, pH 7.4). The washed culture was inoculated into the aged soils at a density of 10 8 cells g Ϫ1 (dry wt) and incubated at 10ЊC for 7 d. The aged soil (glass flasks containing 60 g dry wt) was split in six replicates. The inoculation of the R. erythropolis TA57 was carried out in triplicates (10 g dry wt each), and three controls without the test bacteria were included to test both the effect of splitting the aged soils and adding the phosphate buffer on mineralization. Mineralization was measured by enclosing a CO 2 trap in the flasks and replacing it (2 ml of 0.5 M NaOH) frequently. A second control was included to study the effect of amending the soil with dead R. erythropolis TA57 cells (10 8 autoclaved cells g Ϫ1 ). None of the controls showed any effect on mineralization (data not shown).
Association of triazine amine to dissolved organic carbon
At the end of the aging period, the 14 C content in the aqueous phase of the soil aged 119 d was examined to determine whether the triazine amine molecule had been transformed using TLC. Samples from the aqueous phase were placed on a Silica 60 plate (Merck, Darmstadt, Germany) and developed for 80 mm in an automatic developing chamber (ADC, Camag, Switzerland) using a 50:50 (v/v) acetonitrile/water solution as solvent. After development, the plates were exposed to a phosphor storage screen for 24 h, and the screen was analyzed using the Cyclone Storage Phosphor System (Packard BioScience, Meriden, CT, USA). The intensity of the TLC bands was integrated using OptiQuant software (Packard BioScience).
Statistical analysis
Data from the aging experiment were analyzed using Statistical Analysis System Version 8.1 (SAS Institute, Cary, NC, USA). All experiments were carried out in triplicate.
RESULTS AND DISCUSSION
Effect of soil characteristics on sorption and desorption of triazine amine
General physical and chemical characteristics of the four soil samples are presented in Table 1 . The soils showed different abilities for sorbing and desorbing triazine amine. ) values for triazine amine, in accordance with the high content of organic material capable of sorbing more of the triazine amine compound (Table 1) . This also is in accordance with the results of other authors studying s-triazines, who found a greater sorption in soils with a high organic material content [3, 7, 16, 26, 27] . Sorption in the B-and C-horizons (K d ϭ 0.84 and 0.86 L kg Ϫ1 ) was lower; however, the A-horizon (K d ϭ 1.62 L kg Ϫ1 ) had a slightly higher ability for sorption of triazine amine, in accordance with the slightly higher content of organic material compared to that of the underlying horizons.
The distribution coefficients (K d,des ) for desorption among the three horizons (A-, B-, and C-horizons: K d,des ϭ 5.6, 5.1, and 6.5 L kg Ϫ1 , respectively) were almost identical and much lower than that for the peat soil (K d,des ϭ 36.1 L kg Ϫ1 ), indicating that a greater desorption takes place in a sandy soil with a lower content of organic material.
Effect of pH on sorption
During the aging experiments, the pH remained stable throughout the 119-d period, indicating that changes in pH did not influence the aging processes in the present study. This is important, because we found that lowering the pH increased sorption, especially in the A-horizon but also in the B-and C-horizons (data not shown).
That triazine amine sorbs to acidic soils that are rich in organic material is in agreement with the results of other sorption studies concerning the sulfonylurea herbicides in soils [3, 5] and also is expected, because triazine amine is an organic base with a pK a value of 2.9 as estimated using the computer model EPIWIN [28] . Hence, sorption to acidic and protonated soil surfaces will be greater than sorption to more neutral surfaces. Because pH and organic matter content in soils are important factors influencing the partitioning of triazine amine between the solid and aqueous phase, these two factors are expected to play an important role in aging processes. However, in this aging experiment, pH remained stable (results not shown) throughout the 119-d aging period, suggesting that pH did not influence the aging processes during the experiment.
Sorption and desorption of triazine amine during aging
Trends in K d and K d,des values calculated by use of sorption and desorption isotherms are illustrated as a function of the aging period in Figure 1 . No changes are seen for the mineral soils, whereas sorption and desorption increase strongly over time in the A-horizon soil.
In Figure 2 , the effect of aging on the distribution of triazine amine in the nonavailable (C s ), available (C aq ), desorbable, and mineralized fractions are plotted as histograms. The nonavailable fraction is calculated as the nondesorbed triazine amine, which under the circumstances in this specific experiment appear to be nonavailable to the microorganisms. We found significant effects on the nonavailable fraction for the factors soils, period of aging, and concentration, meaning that the effect of the three factors on the nonavailable fraction could not be neglected. Signs of aging were observed by an increase in the nonavailable fraction of the two highest concentrations of the isotherms of the A-horizon. However, these increases were significant only for the two highest concentrations of the A-horizon ( p Ͻ 0.05), as seen in Figure 2 , in accordance with the significant decrease in bioavailability by R. erythropolis TA57. We expected to find a similar incline in the nonavailable fraction of the peat soil corresponding to a decline in bioavailability, but a great variance and no specific trend were found.
Measurement of bioavailability by inoculation of R. erythropolis TA57
By measuring the growth of the culture used for inoculation, the thawing and growth of the frozen R. erythropolis TA57 from identical portions of the growth culture kept at Ϫ80ЊC were reproducible at the six sampling days. This finding makes it possible to inoculate the bacterial culture with an equal biomass at a comparable physiological state at different times. Accumulated mineralization by R. erythropolis TA57 determined for specified 7-d time periods in all four soils during the aging period are a measure of bioavailability. Results from the four soils are presented in Figure 3 , and statistical data are included in Table 3 . Bioavailability decreased significantly B. Godskesen et al. ( p Ͻ 0.05) in the peat soil and in the A-horizon soil after 28 d of aging (Table 3) . A similar reduction in bioavailability was not observed in the B-and C-horizons because of low content of organic matter.
The decrease in bioavailability is interpreted as an indicator of aging, in agreement with the findings of other authors who showed declining bioavailability of organic compounds using inoculation of a bacteria during longer residence times [14, [29] [30] [31] [32] .
Soils containing greater than 2% organic carbon showed aging of triazine amine, whereas aging was not evident in soils with less than 2% organic carbon, in accordance with results obtained by Nam et al. [33] , who investigated the aging of phenanthrene. 
Association of triazine amine to dissolved organic matter
The absence of a significant increase in the nonavailable fraction of the peat soil was evaluated as being caused by transformation of triazine amine into other compounds, either metabolites or bound to organic molecules in the aqueous phase (i.e., dissolved organic matter [DOM] ). The chromatograms of the initial triazine amine (Fig. 4, peak 2) showed a purity of approximately 96% and a minor impurity (Fig. 4,  peak 3) . A significant peak of triazine amine was found in the B-and C-horizons, whereas in the A-horizon, it was much less pronounced. In Figure 4 , the chromatogram of the Chorizon is not shown, because it is similar to that of the Bhorizon. The minor impurity (Fig. 4, peak 3 ) was still present in the A-, B-, and C-horizons. Remarkably, the triazine amine peak nearly disappeared in the peat soil, and no specific peak was observed with exception of a signal at the addition point (peak 1) and an elevated signal between peak 1 and the triazine peak. This indicates that the major part of the triazine amine or some metabolites may be bound to more or less soluble organic compounds (i.e., DOM). A small triazine amine peak is still present (Fig. 4, peak 2) . Additional peaks would have been expected if degradation to one or a few metabolites had occurred. This indicates associations of triazine amine to DOM, resulting in a wide variety of triazine amine-DOM complexes in the aqueous phase and, thereby, disappearance of the signal from triazine amine.
Shaw et al. [31] have suggested that DOM enhances the mobility of hydrophobic compounds by complexation or some other type of association and, thereby, increases the apparent aqueous phase concentration. Although the compounds in our experiment might remain in a fraction that could be somewhat extractable, the association between triazine amine and the organic fraction of the soil does inhibit mineralization by R. erythropolis TA57. Other examples of the inhibition of the microbial degradation of compounds because of binding to organic material in the soil system have been reported [35, 35] . Haitzer et al. [35] explained that the formation of dissolved organic carbon-contaminant complexes might result in molecules that are too large and/or too polar to cross biological membranes. It also is possible that R. erythropolis TA57 lacks the enzymes to degrade the contaminant if just a small DOM molecule associates with the contaminant. We suggest that the triazine amine is sequestrated in the DOM complexes, explaining the disappearance of the triazine amine signal in the aqueous phase in the case of the peat soil using TLC analysis.
CONCLUSION
Bioavailability of triazine amine to R. erythropolis TA57 was significant reduced in the peat soil and the A-horizon (containing Ͼ2% organic carbon) as residence time proceeded. We observed no aging in the B-and C-horizons, measuring neither bioavailability nor nonavailable fraction. The difference in aging among the four soils most likely can be explained by the high organic material content of the peat soil and the A-horizon, and we conclude that the aging of triazine amine is correlated to the organic material. Thus, triazine amine becomes nonbioavailable to R. erythropolis TA57 in soils with high organic material content, whereas soils with a low organic material content do not affect the bioavailability of the compound to the same degree.
